Abstract A thermophysical study of the sulfur containing amino acids L-cysteine and L-cystine has been carried out by differential scanning calorimetry (DSC). Heat capacities of both compounds were measured in the temperature interval from T = 268 K to near their respective melting temperatures. DSC and variable temperature powder X-ray diffraction analysis (PXRD) gave evidence for a solid-solid phase transition close to the melting point only in the L-cysteine sample. DSC experiments show that this solidsolid transition is not reversible in the temperature interval T = 235-485 K and presents a behavior depending on heating temperature, time, and rate. This behavior is also supported by variable-temperature PXRD. The patterns for the commercial samples, at room temperature, are consistent with those simulated for the orthorhombic and hexagonal polymorphic forms from the single-crystal X-ray analysis.
Introduction
The aim of this work is to study the thermal behavior in the medium-high temperature range of the sulfur containing amino acid L-cysteine and its corresponding dimer L-cystine, which is composed of two L-cysteine units joined by a disulfide bond (Fig. 1) .
Both molecules are naturally present in proteins and polypeptides. Cysteine is the only monomeric amino acid with a reactive sulfur moiety, the side chain being a thiol group. The strong nucleophilicity of cysteine makes it a key component of the active site of many enzymes [1] [2] [3] . The thiol is susceptible to oxidization to give the disulfide derivative cystine, which serves an important structural role in many proteins. Indeed, the prototype of a protein disulfide bond is cystine.
The thiol-disulfide interchange reaction is important to a number of subjects in biochemistry [3] [4] [5] including the renaturing of proteins and stabilization of proteins in solution. Thus, thermodynamic data regarding the relative energetics of the thiol and disulfide functional groups is essential for the understanding of the driving force and mechanism of biochemical processes. In industry, disulfide bonds are the crosslinking groups that result from the vulcanization of rubber.
Temperature-induced changes in crystalline amino acids are of interest for their properties [6] and because they reveal the intrinsic motions of these structural fragments and their contribution to the dynamic properties of proteins [7] .
Several polymorphic forms have been reported for both compounds. L-Cysteine crystallizes in the monoclinic and orthorhombic forms and has been structurally characterized by X-ray [8] [9] [10] and neutron [11] diffraction methods at ambient and low temperatures [12] [13] [14] as well as at ambient and higher pressures [15] . Phase transitions have been detected when lowering the temperature (ca. 70 K) [14] and also when increasing pressures up to 4.2 GPa and decreasing to 1.7 GPa [15] . L-Cystine crystallizes in the tetragonal and hexagonal forms and has also been studied at ambient [16, 17] and at low temperature [18] and at high pressures [19] ; however, no solid-solid phase transition has been detected.
Earlier heat capacities of samples of L-cysteine and L-cystine were measured in the temperature range T = 85-298 K and neither any hint of a phase transition nor a weak anomaly were reported in both compounds [20, 21] . Recently an extended phase transition in orthorhombic crystalline L-cysteine near T = 70 K was reported [22] .
For several years, we have been involved in the experimental determination of the enthalpies of fusion, heat capacities and the study of polymorphism of pure organic molecules [23] [24] [25] [26] [27] [28] [29] [30] . Very recently we have carried out [31] a thermochemical study of L-cysteine and L-cystine reporting their molar enthalpies of formation. In the present work we report the thermal behavior of both compounds studied by differential scanning calorimetry (DSC) and variable temperature powder X-ray diffraction (PXRD) in the temperature interval from T = 268 K to near their respective melting temperatures.
Experimental section
Material and purity control L-Cysteine, and L-cystine were commercially available from Fluka (both BioUltra C99.5%). The samples were carefully dried under vacuum and no further purification was performed.
The standards used for DSC calibration were hexafluorobenzene, 99.9% purity, supplied by Aldrich; benzoic acid, NIST standard reference sample 39j; high-purity indium (mass fraction [0.99999), tin and synthetic sapphire, supplied by Perkin Elmer.
X-ray diffraction studies
Powder X-ray diffraction analysis was used to identify the polymorphic forms of the commercial samples and to analyze the thermal behavior at medium-high temperatures. The powder patterns for both compounds were collected on a PANalytical XPert'PRO MPD powder diffractometer (Cu Ka) fitted with an Anton Paar HTK 1200 variable temperature oven with an alumina sample cup recovered with platinum film to avoid any pressure on the sample.
Structural data for the polymorphic forms of L-cysteine and L-cystine was obtained from the Cambridge Structural Database [32] (CSD refcodes: LCYSTN to LCYSTN36 for L-cysteine [8] [9] [10] [11] [12] [13] [14] [15] and LCYSTI10 to LCYSTI13 for L-cystine [16] [17] [18] [19] ). The PLATON [33] (as incorporated into the WinGX package [34] ) and XPowder [35] software were used to prepare material for visualization and analysis. Procedure for calorimetric measurements
The behavior of the samples as a function of temperature was studied by DSC. A DSC Pyris 1 instrument from Perkin Elmer equipped with an intra-cooling unit was used to study the fusion process and the possible existence of phase transitions in the solid samples at temperatures above T = 260 K to their respective temperatures of fusion. The calorimeter was previously calibrated in temperature and energy with reference materials. Temperature and power scales were calibrated [36] [37] [38] at heating rates of 0.04 and 0.17 K s -1 . The temperature scale was calibrated by the melting temperature of the high-purity reference materials: hexafluorobenzene, tin, and indium [39] . The power scale was calibrated with high-purity indium [39] .
Curves of samples hermetically sealed in aluminum pans were recorded in a nitrogen atmosphere. All the pans with the samples were weighed on a Mettler AT21 microbalance with a detection limit of 1 9 10 -6 g, before and after the experiments to confirm that no product had volatilized.
After calibration, several runs with high-purity benzoic acid and indium as reference materials [39] were performed under the same conditions as the experimental determinations. The accuracies associated with temperature and enthalpy of fusion measurements were calculated as the percentage deviation of the experimental data with regard to the values given in the literature [39] ; in all the cases these were lower than 0.2 and 2.0% for temperature and enthalpy determinations, respectively [28] .
Different scans at heating rates of 0.04 and 0.17 K s -1 were performed to determine the possible existence of phase transitions in the samples over the temperature range from T = 260 K to their respective melting temperatures. A fresh sample was used for each run. Heat capacities were determined by the ''scanning method'' following the experimental methodology previously described [40] [41] [42] with synthetic sapphire (a-aluminum oxide) as reference material [39] [40] [41] . DSC is a commonly accepted method for the quantitative determination of heat capacities and it has been proven as a suitable technique to obtain reliable and accurate values [43, 44] . To check the experimental method, heat capacity experiments were made with benzoic acid and synthetic sapphire as reference materials [39] in the temperature intervals T = 268-360 K and T = 268-410 K, respectively [28] . The relative percentage of error of our measurements in comparison with those reported in the literature is less than 2% [28] . The mass of sapphire used in each run was 0.030345 g. For heat capacity determinations, five to eight fresh samples weighing 7-10 mg were scanned for each solid compound at a heating rate of 0.17 K s -1 in the temperature ranges T = 268-473 K for L-cysteine and T = 268-423 K for L-cystine. The complete temperature ranges for determination of the heat capacities were divided in intervals of approximately 40 K, overlapping by 5 K from one interval to another. The estimated uncertainty of the molar heat capacities is less than 2%. The experimental results of each compound were fit to a third-order polynomial in temperature. The relative atomic masses used for the elements were those recommended by the IUPAC Commission in 2005 [45] .
Experimental results

Calorimetric measurements
For L-cysteine, DSC scans at heating rate 0.17 K s -1 in the temperature interval T = 263-517 K show two enthalpic modifications before fusion in the temperature intervals 446-467 and 468-485 K with onset temperatures and enthalpies 453.6 ± 0.4 K, 2.6 ± 0.2 kJ mol -1 and 480.2 ± 0.6 K and 0.5 ± 0.1 kJ mol -1 , respectively. The uncertainties were taken as the standard deviations. Throughout this work temperatures of the enthalpic modifications were taken as onset temperatures, Fig. 2a . This behavior was observed in all the runs performed with fresh samples. For the fusion process a temperature T fus = 506.0 ± 0.5 K was observed. It was not possible to determine the enthalpy of fusion because of the decomposition of the samples immediately after the fusion process. To further study the transformation sequence, a series of DSC experiments were carried out; fresh samples were heated up to T = 485 K at a heating rate of 0.17 K s -1 (10°C min -1 ) and after, cooled down to T = 253 K at 0.17, 0.08, and 0.04 K s -1 . The enthalpic modifications observed on heating were not observed on cooling and following heating, indicating that the transitions were not reversible.
No solid-solid phase transition was found in L-cystine in the temperature interval T = 263 K to its melting temperature, Fig. 2b . For the fusion process a temperature T fus = 503.3 ± 0.5 K, was observed. It was not possible to determine its enthalpy of fusion because of the decomposition of the samples at the beginning of the fusion process.
Heat capacities
The mean experimental values of the heat capacity measurements as a function of temperature for the target compounds L-cysteine and L-cystine are given in Table 1 .
The coefficients of the fitted third-order equation in temperature for both compounds are collected in Table 2 .
The range studied for each compound is given as the last column in this X-ray diffraction analysis Several polymorphic forms have been previously reported for both compounds according to the Cambridge Crystallographic Database [32] : orthorhombic (forms I and III) and monoclinic (II and IV) for L-cysteine and hexagonal and tetragonal for L-cystine (I-II). The molecular structures of the orthorhombic form of L-cysteine [15] and the hexagonal form of L-cystine [16] at room temperature and pressure are presented in Fig. 3 . The labeling of the polymorphs and the atomic numbering are those used in reference [15] . For L-cysteine, the orthorhombic form III at high pressure [15] (LCYSTN24) differs from that of I at ambient temperature and pressure (LCYSTN23) in the conformation of the molecule (N1-C2-C1-S1 ca. -60°vs. ?60°). The monoclinic form IV, corresponds to the phase present on decompression of the sample. It is an intermediate structure between the orthorhombic forms where each of the two independent molecules displays one of the conformations mentioned above.
The commercial samples used in this study were characterized by PXRD and the polymorphic form was assigned by comparison with the simulated pattern of the structures retrieved [32] . Representative powder patterns of each polymorph I-IV of L-cysteine, together with the experimental one at room temperature, are illustrated in Fig. 4 .
The patterns present structural differences between the polymorphs reflected in the position as well as in the intensities of the peaks. For instance, in the monoclinic form of Lcysteine LCYSTN [8] (top of Fig. 4 ) an additional peak at lowest theta values is observed (2h = 8.13°, d = 10.875 Ǻ , I/I max = 32.8%) which is neither observed in the orthorhombic I, III forms (LCYSTN23-24) nor in the monoclinic form IV [15] (LCYSTN26). The pattern also shows differences with respect to the previous experimental powder diffraction study (LCYSTN03 [9] and Powder Diffraction File (PDF) reference code 00-025-1661), Fig. 5 ), which reported a monoclinic form (unit cell: 13.264, 9.657, and 7.143 Å ; c = 96.1°; and P2 space group). This structure, as far as the CSD [32] is concerned, has never been described by single-crystal X-ray analysis.
Therefore, the polymorphic forms can be readily distinguished by their powder X-ray patterns, even those that correspond to conformational changes maintaining the supramolecular structure as in polymorphs I (LCYSTN23) and III (LCYSTYN24), Fig. 4 . The commercial sample of L-cysteine can be assigned to the orthorhombic phase I (LCYSTN and LCYSTN23) .
Simulated powder patterns of the hexagonal and tetragonal polymorphs of L-cystine together with the experimental one at room temperatures are illustrated in Fig. 6 . The commercial sample, at room temperature, is consistent with the simulated hexagonal form of L-cystine.
For L-cysteine taken into account the solid-solid phase transition detected by the thermal analysis (ca. 464 and 480 K in Fig. 2a) , a PXRD analysis at variable temperature was carried out (Fig. 7) .
Initially, the pattern was recorded at room temperature. The sample were then heated (0.17 K s -1 rate) to temperatures: T = 423, 443, 463, and 488 K and the PXRD recorded. At T = 298 and 423 K the patterns are essentially the same. However, when increasing the temperature, a gradual disappearance of various crystalline peaks (ca. 2h = 28.6°and 34.2°with relative intensities of 100 and 51.5%) and the appearance of new ones (c.a. 2h = 7.9°, 19.9°and intensities 26.9 and 36.4% at 463 K, Table 3 and Fig. 7 ) indicate that the sample has transformed to a new phase and that the pattern at 443 K could correspond to intermediate phases or to a mixture of two phases, room temperature and the high temperature phase. The pattern at T = 488 K, just before melting, only shows a very few sharp peaks suggesting a nearly amorphous phase.
The powder pattern as recorded at T = 463 K shows that the high temperature modification could be only indexed in the triclinic system. The initial unit cell dimensions (a 1 [47] were further reduced [34] (a = b1 ? c1, b = a1, c = b1 in vectorial notation) and finally refined with XPowder [35] . The results of the refinement together with the observed positions, spacing and relative intensities are listed in Table 3 . The resulting transformed and refined cell (a = 11.328 (34) Å , b = 5.586 (12) Å , c = 10.086 (36) Å , a = 92.6(3)°, b = 101.9(3)°and c = 91.9(3)°with Z = 4) is similar to that of the monoclinic form II (LCYSTN in Fig. 4) . The indexed cell means that the transformation occurs with a loss of symmetry (four independent molecules in the cell instead of two and an increasing of the unit cell volume (V = 623(4) vs. 534.8(2) Å 3 ) as could be expected when increasing the temperature. The lack of an appropriate cell [47] for the pattern at T = 443 K could be also an indication that the patterns could correspond to intermediate phases or to a mixture of both room and highest temperature phases.
Comparison of the results by DSC and variable temperature PXRD analysis in L-cysteine
The main discrepancy between the preliminary results with both techniques concerns the number of solid-solid transformations observed at temperatures higher than T = 423 K; in the DSC, two enthalpic modifications were observed before fusion (ca. 464 and 480 K, Fig. 2a) and only one by X-ray with a gradual transformation of T = 423-463 K (powder patterns recorded at T = 423 K is essentially the same of that at T = 298 K, Fig. 7) . In an attempt to clarify the sequence of transformation steps, isothermal heat treatments were carried out by heating the samples in the DSC calorimeter at T = 433 K for different times (1, 2, 3 , and 20 h), followed by a scan up to the fusion temperature at a heating rate of 0.17 K s -1 . The results obtained at times of 1, 2, 3 h were similar with only one enthalpic modification observed before fusion. As an example, Fig. 8 shows the results obtained in the experiment at 2 h. The enthalpic modification is produced in the temperature interval of T = 467.9-478.4 K with T onset = 469.8 K, T peak = 473.0 K, and D trans H = 3.2 J g -1 . The fusion process begins at T = 481 K. The results obtained when the sample is maintained for 20 h at T = 433 K (Fig. 8) shows that the enthalpic modification before fusion is lost and a broad peak in the temperature interval T = 474.3-508.2 K is present. This peak corresponds to the fusion of the sample with T onset = 485.3 K and T peak = 498.2 K. In order to study the behavior of L-cysteine at different heating rates, experiments at heating rates 0.017, 0.04 and 0.08 K s -1 were carried out. At heating rates of 0.017 and 0.04 K s , only one enthalpic modification is present. In Fig. 9 , the result obtained at a heating rate of 0.04 K s -1 is given. The transition is produced at the temperature interval T = 442.2-450.8 K con T onset = 444.2 K, T peak = 445.7 K, and D trans H = 9.1 J g -1
. The fusion process at this heating rate begins at 474.2 K.
According to these results, in order to gain further insight into the thermal behavior and to explore the evolution of the transformation of the sample, new PXRD experiments were undertaken as a function of the heating rate as well as time of the initial heating.
First of all, the powder patterns were recorded at lower heating rates of 0.017, 0.03, and 0.08 K s -1 every 5 K. Similar features can be observed in all of them and Fig. 10 illustrates the PXRD pattern for a heating rate of 0.03 K s -1 . The sample shows a slow evolution up to T = 473 K as previously observed (Fig. 7) and even at 468 K (pattern in light blue in Fig. 10 ) a triclinic cell could be indexed [47] and reduced [34] Furthermore, the sample was heated for longer times (2 and 20 h) at T = 433 K (before the first transformation in Fig. 7 ) to analyze the transformation of the sample as a function of the time of heating. Figure 11 illustrates the transformation of the sample when heating at T = 433 K during 20 h. The diffractograms were recorded every hour during this period of time although, due to the evolution of the sample, only some of them have been represented in Fig. 11 . Further, the temperature was increased up to 483 K. During heating at 433 K a gradual transformation of the sharp to broad peaks can be observed accompanied by a disappearance of peaks and the pattern resembles that observed at 473 K (Fig. 10) close to melting. In the DSC experiments (see above) no transition was detected and only the fusion peak was observed.
Conclusions
From the combination of the thermal and powder X-ray powder analysis the following conclusion can be drawn: The X-ray powder analysis identifies the commercial samples as the orthorhombic and hexagonal polymorphs of L-cysteine and L-cystine, respectively, as reported from the single-crystal analysis. It also gave evidence for solid-solid phase transition close to the melting point only in the Lcysteine sample in agreement with the DSC results. The thermal behavior of the sample depends on the heating rate as well as the time of heating with gradual change of the sample that could correspond to the formation of a mixture of phases. This solid-solid transition is not reversible in the temperature interval 253-485 K. The highest temperature modification observed at 463-468 K (depending on the heating rate) is triclinic (P1 due to the chirality of the molecule) with a similar cell to that of the orthorhombic and monoclinic form at ambient conditions although with four independent molecules instead of one and two, respectively, suggesting a loss of symmetry with increasing temperature.
